For light harvestors with a reaction center complex (LH1-RC complex) of three types, we propose an experiment to verify our analysis based upon antenna theories that automatically include the required structural information. We predict the dimeric form of light-harvesting complexes is favoured under intense sunlight. We further comment upon the classification of the dimeric or S-shape complexes.
Introduction
Photosynthesis is divided into light-dependent reactions and the Calvin cycle (carbon fixation reactions) [1, 2] . The primary step of the light-dependent reaction includes energy transfer and electron transfer. The Calvin cycle is a sequence of chemical processes, whereas the energy transfer step might be analyzed physically.
To consider the interaction of light and a single atom we can approximate the system as a two-level system. However, if the number of atoms grows and the system becomes extended in space, the interference from individual effects will include time-lag. Biological systems often fall into this later case. A theory to sum-up individual effects of light-matter interaction is called antennae theory. In an antenna theory the most important information is the geometry of the antenna which will produce the time-lag. A consideration for DNA as an antenna appeared in the title of a paper that investigate only DNA under electromagnetic fields experimentally [3] .
Beginning about 1995, a reasonably complete picture of the bacterial lightharvesting (LH) systems has been acquired [4, 5, 6] . Many such structures have been subsequently analyzed [7] . The LH1-RC complex is particularly interesting as it is a fully fledged antenna, even without LH2. In experiments these core complexes cannot be further separated without altering their spectral properties. Therefore they are the minimum model we should consider.
Such antenna of three types have been discovered:
• The most common form of LH1-RC complex is a monomer with RC surrounded by a closed elliptical ring such as Blastochloris viridis [8] , Phaeospirillum molischianum (previous name Rhodospirillum molischianum) [9, 10] , Rhodospirillum rubrum [11] , Rhodobacter veldkampii [12, 13] , Rhodobacter capsulatus [14] , Rhodobacter vinaykumarii [14] , and Thermochromatium tepidum [15] .
• Rhodopseudomonas palustris is a monomer with an opening [16] . The cross section of this LH1-RC complex is elliptical; the RC is surrounded with an incomplete double ring of helices. There is a polypeptide component termed PufX at the opening, of which a precise function has long been debated. The outer elliptical LH1 complex has a long axis of length 110Å and a short axis of length 95Å ; the greatest dimension of the inside of this LH1 is 78Å. There is a gap about 4 A between the RC and the ring, as the RC has a long dimension 70Å and the orientation of the long axis of the LH1 ellipse coincides with the long axis of the RC. The height of the cylindrical shape of the molecule can be obtained with software such as Jmol or PyMOL, using the data from PDB, to be about half the width of the molecule.
• A dimeric form exists in Rhodobacter sphaeroides [14, 17, 18, 19] , Rhodobacter blasticus [20] , Rhodobacter changlensis and Rhodobacter azotoformans [14] .
We list some of them in The standard model to consider energy transfer within light-harvesting complexes in the photosynthesis community is the exciton theory. For instance, Komatsu et al. used exciton theory to calculate the absorption spectra and energy transfer rates of an array of LH2 [23] . They approximated the ring as an array of dipoles. Unfortunately, an LH2 along is not a fully-fledged antenna system. However, the most serious problem is the model involves a calibration procedure, which is ad hoc, even though the authors claim their calculation is ab initio.
We address the three forms mentioned, in particular the dimer form from a classical electrodynamic point of view in the following. Our analysis automatically have the structural information enforced requires no ad hoc parameter. We try to establish the validity of considering the light harvestors as antennae in the following two sections. Eventually, a mechanism for dimerization is provided. We hence propose an experimental verification.
Loop Antennae
Two simplified shapes shown in the figure resemble the Rhodopseudomonas palustris (1PYH) LH1-RC complex shown in Table 1 . Figure 1 (a) is simple and can be solved with algebraic methods, whereas figure 1 (b), although resembling the LH1-RC complex more closely, has a resonant frequency only slightly modified from that of figure 1 (a). We hence consider only figure 1 (a). The notch is essential for the LH1 − RC complex as the received energy must be taken from some point. The molecule of 1PYH shown in the table also has a notch. Chemists describe the function of the opening as enabling the passage of quinones (charge carriers) to the RC [17] ; we show here that the opening is necessary for the energy transfer of an antenna. Without this opening, such as the molecule 4V8K, other mechanisms have to be employed to retrieve the energy received.
In engineering, antennae of such shapes are well studied: they are called loop antennae and loop antennae with line feed, respectively [24] . The line feed resembles the special pair from the light harvestor to the reaction center.
Loop antennae can be further divided into two categories depending upon their size relative to the wavelength of operation. If an antenna has a radius smaller than the wavelength of operation, it is called a small-loop antenna; otherwise, a resonantloop antenna. As the wavelength, λ, of operation of LH1 or LH2, 800 − 900 nm, is much larger than the radius of the antenna, 9.0 nm, the light-harvesting antenna is a small-loop antenna, which has a small radiation resistance and a large reactance; its impedance is hence difficult to match with that of the transmitter. As a result such antennae serve mainly as a receiving antenna for which an impedance mismatch loss can be tolerated. A small-loop antenna is equivalent to a short-dipole antenna of which the receiving (radiation) pattern has a toroidal shape, with electric and magnetic fields interchanged, and thus serves as a magnetic dipole.
To arrive at the electromagnetic properties of such an antenna there are a complete way and a simple way. We begin with the complete way.
Let the radius of the loop located at the origin be a, and the plane of the loop be x − y; let the angle from the x−axis be φ. If current I around the loop is uniform and in phase, the only component of the vector potential is A φ , as shown in Figure 2 (a) . The infinitesimal value of A φ at a point away from the loop by distance r caused by two diametrically opposed infinitesimal dipoles is 
in which J 1 is a Bessel function of first order. As the source of sunlight is remote, we consider the far-field effects. The far electric field of the loop has only a φ-component E φ = −jωA φ that is in the plane of the loop. Therefore,
The corresponding magnetic field in free space is
The second method is to decrease the infinite number of dipoles used in the preceding method into four short linear dipoles as follows.
Let the area of the antenna be A, which is commonly called the aperture of the antenna, and the length of the dipoles be d, as shown in Figure 2 (b). Hence
The far electric field is The term A/λ 2 is a pure ratio: it is the aperture in terms of wavelength. The magnetic field is obtained on dividing the intrinsic impedance of the medium, i.e.
in vacuum. Eq. (6) is a special case of Eq. (3), just as Eq. (7) is a special case of Eq. (4), as for small arguments of the first-order Bessel function J 1 (x) ≈ x/2.
The (radiation or receiving) resistance at the loop terminals can be obtained from
in which I 0 is the maximum current on the loop and R is the resistance. The total power P is obtainable on integrating the Poynting vector
over a large sphere, in which Z is the impedance of the medium. The resistance thus obtained for a small-loop antenna is proportional to 1/λ 4 .
The assumption behind these calculation is that the conducting wire making up the loop is infinitesimally thin so that the current within the wire can be assumed to be uniform, which is irrelevant to our analysis.
dielectric antennae
The calculation above is for antenna made of conducting material. At the frequency of visible sunlight, a metal becomes lossy; a dielectric works more efficiently. In nature, chlophylls are also dielectric.
Biologists and chemists might be astonished to learn that a dielectric can serve also as an antenna, but the motion of a charge is sufficient to ensure its radiation, regardless of the material used for the antenna or its shape; although they will have effects on the performance of the antenna [25, 26] . Antennae are devices mediating between the source, or the receiver, and the electromagnetic field.
Unlike a metallic antenna, a dielectric one requires no electron flow inside its body, even though electron can still flow inside a dielectric. It works more or less like an acoustic resonator; the electrons are bouncing inside the cavity. Such antennae have been built since 1983 [27] . The antennae inside our mobile phones are mostly dielectric ones.
Use of a dielectric as a receiver of sunlight has more advantages:
• they are smaller than metallic ones because the wavelength inside a dielectric is smaller than the free-space wavelength by a factor 1/ √ r , with r been the relative permittivity,
• dielectric receivers immunize the light harvestor from damage due to excess radiation power (sunlight) [28, 29] ; the function of these receivers in photosynthesis is generally attributed to the carotenoids involved, even though a carotenoid is lacking in the FMO complex [30] ,
• the bandwidth can be increased on adjusting the size of the cylinder or the size of the hole at the center of the cylinder,
The antenna thus made must work with symmetry breaking of the electric field in space to function [31] ; this condition provides a second reason for the mysterious opening at the LH1-RC complex and explains the elliptical shape of the complex. Since 1983, dielectric antennae of various shapes have been considered [32, 33] . A dielectric ring (or shell) antenna, as shown in Figure 3 (a), can be solved analytically, and is widely used in microwave engineering and optical-fibre engineering, but a cylindrical dielectric antenna with several elements and a centre feed resembles our light-harvesting system even better [34] . Fields at the surface of a region of large relative permittivity satisty approximately an open-circuit boundary condition, i.e. the normal component of the electric field and the tangential component of the magnetic field are zero. The pattern of radiation or receiving in such antennae can achieve a monopole-like efficiency [35] , but numerical methods are normally required to solve a boundary-value problem.
For a dielectric antenna to achieve a satisfactory efficiency, proper modes must be excited. In engineering, a coaxial probe or a narrow slot is most commonly used to excite these modes. For the light harvestor as a receiver, at these places the energy is extracted, as stated in section 2. Table 1 indicates that not every LH1-RC complex contains an opening. 1PYH apparently uses a narrow slot to extract the energy whereas 4V8K uses a coaxial retriever. When sunlight (an electromagnetic wave) excites the resonance of an antenna, a mode-field pattern is built inside the structure. The location of each module of chlorophyll corresponds to a mode of the electric field of the antenna, although previous authors failed to recognize the mimicking of nature [36, 33] .
dipole antennae
Biologists describe the third form of a LH1-RC complex as a dimer, which conveys no further meaning except it is formed from two parts. Semchonok et al. interpreted Table  3 and Figure 5 of Crouch and Jones to signify that, for species of which both monomers and dimers exist, the ratio between them depends on the light intensity, even though the latter authors conducted no related experiment [21, 14] .
However, as we show in section 2, a monomer can be described by a small-loop antenna, which has a radiation character as a dipole. Although a cylindrical antenna is a monopole, dielectric resonator antennae operating at their fundamental modes always radiate like a magnetic dipole independent of their shapes. If two dipoles are put together, they become a quadrupole. A quadrupole is less efficient in radiation or receiving than a dipole, whereas a dipole is less efficient than a monopole. Accordingly, we predict that a dimeric form is preferable under intense sunlight. Furthermore, under even greater intensity or at the same intensity but with a smaller ratio a tetrameric form might appear.
To verify the theory above we propose an experiment:
Grow the samples under various controlled light intensities. Plot the ratio of the number of the monomer to that of the dipole and dipole to quadrupole against the light intensity to see if they are decreased if the light intensity is increased.
The experiment is as simple as Robert Hooke's experiments to observe cell except we are looking into a much smaller world.
Summary
In this work, we seek an approach to consider a light-harvesting antenna as a device to receive electromagnetic waves. We tried to analyze the physical reasons behind the light-harvesting complexes. Our analysis is a retrospective antennae design, which automatically has the structural information enforced, as the antennae have already been made by nature. The analysis conforms to current understanding of light-harvesting antennae in that we can explain a functional role of the notch at the light harvestor, the functional role of the special pair, a reason for the use of dielectric chlorophylls instead of a conductor to make the light harvestor, a mechanism to prevent damage from excess sunlight, an advantage of the dimeric form, a reason that the cross section of the light harvestor must not be circular, and a reason for the modular design of nature.
Based upon our analysis a mechanism for dimerization is provided. Therefore, we predict the dimeric form of light-harvesting complexes is favoured under intense sunlight. An experimental procedure is proposed.
